Endurance training (ET) and adriamycin (ADR) treatment are two conditions that have been described as triggering metabolic alterations within the myocardium. ADR is an anti-neoplastic agent with notorious cardiotoxicity, most likely because it increases oxidative stress. ET and/or ADR treatment can induce metabolic and signaling alterations affording cross-tolerance against several insults such as ischemia and reperfusion. The objective of the present work was to investigate whether heart mitochondria isolated from rats submitted to ET with or without ADR treatment were more or less susceptible to in vitro anoxia-reoxygenation (AR) when compared with control rats. Twenty-four male Wistar rats were assigned into four groups (n = 6 each): control (C), ADR (20 mg-kg −1 ), 14 wk ET (T), and T+ADR. Respiratory parameters and oxidative damage were determined before and after 1 min anoxia followed by 4 min reoxygenation. Basal heat shock proteins (HSPs)60 and -70 and antioxidant enzymes' activity were measured.
Introduction
It is well known that severe stimuli to the heart can cause structural and functional cardiac muscle impairments (1) . Among other cell compartments, mitochondria are involved in the mechanisms related to some cardiovascular dysfunctions (2, 3) . Mitochondria are the powerhouses of cells, producing by oxidative phosphorylation the energy required to drive the endergonic and vital biochemical processes of cell life (4) . Together with ATP synthesis, mitochondria are also critical organelles involved in the modulation of osmotic regulation, cell redox status and pH control, and signal transduction as well as in the establishment of Ca 2+ homeostasis with consequent implications in the cell fate (5) .
It is often stated that regular exercise constitutes an excellent tool in the prevention of several heart pathologies, as it increases the tolerance of cardiac tissue against stress conditions, including adriamycin (ADR) treatment (6) (7) (8) . ADR, also known as doxorubicin, is a potent and broad-spectrum water-soluble anthracycline antibiotic prescribed for the treatment of a variety of malignancies including leukemia and solid tumors. The successful use of this antineoplastic therapeutic agent is limited by the development of a dose-dependent and irreversible cardiac toxicity (9) . Moreover, mitochondria have also been identified as primary ADR target organelles, and their involvement is evidenced by the results of many studies reporting mitochondrial respiratory dysfunction, swelling, and abnormal size and shape (10, 11) . However, ADR treatment can induce metabolic and signaling alterations affording cross-tolerance against several insults such as ischemia-reperfusion (12) .
Endurance training (ET) is a nonpharmacological agent known to provide protection against several stimuli-induced myocardial dysfunction (13) . We have recently shown some biochemical, morphological, and functional evidence that moderate ET is advantageous against several deleterious effects of both in vivo ADR administration and of in vitro anoxia-reoxygenation (AR) on rat heart mitochondria (11, 14, 15) .
In studies that analyze the response to in vivo harmful stimuli, the complexity of the integrated cell defense systems may limit the understanding and the precise description of mitochondrial mechanisms of protection and damage. However, the in vitro AR of isolated mitochondria is a standard and well established oxidative stress-mediated deleterious stimulus (16, 17) that allows the exclusion of other cytosolic defense systems. Together with ADP-induced stimulation of mitochondrial respiration, AR constitutes a supplementary stress stimulus to isolated mitochondria.
Because the release of reactive oxygen/nitrogen species (RONS) is central to the mechanism of ARinduced mitochondrial damage (16, 17) , it is logical to consider training-induced improved cardiac cell and mitochondria defenses (6, 11, 18, 19) as one of the possible candidates to counteract mitochondrial impairment.
To date, no studies have addressed the impact of ET and ADR treatment on the respiratory function of heart isolated mitochondria submitted to in vitro AR. Setups using combination treatments of various deleterious stimuli contribute to further comprehend possible mechanisms by which exercise interferes with mitochondria against the toxicological effects of those agents. Therefore, the purpose of the present study was to analyze the effect of moderate treadmill ET and ADR treatment on heart mitochondrial respiration and oxidative stress following in vitro AR. The main hypothesis underlying the present manuscript was that ET and ADR alter the susceptibility of isolated heart mitochondria to AR.
Methods

Sample
Twenty-four Wistar male rats (aged 6-8 wk, weighing 200 g at the beginning of the experiments) were used. During the experimental protocol, animals were housed in collective cages (two rats per cage) and were maintained in a room at normal atmosphere (21-22°C; ~50-60% humidity) receiving food and water ad libitum in 12-h light/dark cycles. The animals were randomly divided into four groups (n = 6 per group): sedentary placebo (C), sedentary plus ADR (ADR), trained placebo (T), and trained plus ADR (T+ADR). The general scheme of the experimental protocol is presented in Fig. 1 . Only male animals were used because of female estrogen protective effect on cardiac tissue, as reported elsewhere (20) .
The Ethics Committee of the Scientific Board of Faculty of Sport Sciences, University of Porto, Portugal, approved the experimental protocol, which followed the Guidelines for Care and Use of Laboratory Animals in research.
Endurance Training Protocol
The animals from trained groups were exercised 5 d/wk (Monday to Friday) for 14 wk on a motordriven treadmill. Both the treadmill speed and grade were gradually increased over the course of the 14-wk training period (Table 1 ). The protocol included 5 d of habituation to the treadmill with 10 min of running at 25 m/min and 0% grade, with daily increases of 5-10 min until 30 min was achieved. Habituation was followed by one consecutive week of continuous running (30 min/d) at 25 m/min and 0% grade and was gradually increased until 60 min/d on the second week. This protocol proved to be efficient in raising cardiac dimensions (hypertrophy) and in antioxidant biochemical alterations protecting cardiac tissue and mitochondria against in vivo ischemia-reperfusion and ADR-induced damage (11, 21) . The animals from sedentary groups were not exercised but were placed on a nonmoving treadmill five times per week (10-30 min/session) with the purpose of homogenizing the possible environment stress induced by treadmill without promoting any physical training adaptations.
ADR Treatment
Twenty-four hours after the end of the ET program, the animals were treated as follows. C and T animals Note: Exercise-trained animals were exercised 5 d/wk on a motorized treadmill for 14 wk.
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Animal Sacrifice and Heart and Soleus Extractions
Forty-eight hours after the last exercise bout, the animals were sacrificed by cervical dislocation. After quickly opening the chest cavity, rat hearts were then rapidly excised, rinsed, carefully dried, and weighed. A portion of approx 20-25 mg of cardiac ventricle and one soleus muscle were separated, homogenized in homogenization buffer (0.05 M Tris, 0.03 M Lserine, 0.06 M boric acid, tissue:buffer ratio of 100 mg/mL, pH 7.6) using a Teflon pestle on a motordriven Potter-Elvehjem glass homogenizer at 0-4°C three to five times for 5 s at speed low setting, with a final burst at a higher speed setting. Homogenates were centrifuged (2 min at 2000g, 4°C, in order to eliminate cellular debris) and the resulting supernatant was stored at −80°C for later determination of antioxidant enzyme activity, HSP70 expression (cardiac ventricles), and citrate synthase (soleus) activity. Protein content from ventricles and soleus homogenates were assayed using bovine serum albumin as standard according to Lowry et al. (22) .
Isolation of Rat Heart Mitochondria
From the heart ventricles, rat heart mitochondria were daily prepared using conventional methods of differential centrifugation (23) as follows. Briefly, the animals were sacrificed as stated above and the heart was immediately excised and finely minced in an ice-cold isolation medium containing 250 mM sucrose, 0.5 mM EGTA, 10 mM HEPES-KOH (pH 7.4), and 0.1% defatted bovine serum albumin (BSA) (Sigma, cat. no. A-7030). The minced blood-free tissue was then resuspended in 40 mL of isolation medium containing 1 mg protease subtilopeptidase A Type III (Sigma P-5380) per gram of tissue and homogenized with a tightly fitted homogenizer (Teflon: glass pestle). The suspension was incubated for 1 min (4°C) and then re-homogenized. The homogenate was then centrifuged at 14,500g for 10 min. The supernatant fluid was decanted and the pellet, essentially devoid of protease, was gently re-suspended in its original volume (40 mL) with a loose-fitting homogenizer. The suspension was centrifuged at 750g for 10 min and the resulting supernatant was centrifuged at 12,000g for 10 min. The pellet was re-suspended using a paintbrush and re-pellet at 12,000g for 10 min. EGTA and defatted BSA were omitted from the final washing medium. Mitochondrial protein content was determined by the Biuret method calibrated with BSA. The isolation procedures were performed within approx 1 h at 0-4°C. Aliquots of mitochondrial suspension were separated and frozen at −80°C for later determination of basal carbonyls, malondialdehyde (MDA), and HSP60 contents.
The remaining mitochondrial suspensions were used within 4 h and were maintained on ice (0-4°C) throughout this period. Isolation procedures yielded well coupled mitochondria: RCR of isolated mitochondria varied from 7 to 10 (with glutamate-malate as substrates) or 3 to 4 (with succinate as substrate in the presence of rotenone) for controls, as determined according to the method of Estabrook (24) . Mitochondrial suspensions were used to analyze the influence of in vitro AR in each group.
Mitochondrial Oxygen Consumption Assays
Mitochondrial respiratory function was polarographically measured, at 25°C, using a Clark-type oxygen electrode (Hansatech DW 1, Norfolk, UK). Reactions were conducted in a closed thermostatic and magnetically stirred glass chamber containing 0.5 mg of mitochondrial protein in 0.75 mL of a respiration buffer containing 65 mM KCl, 125 mM sucrose, 10 mM Tris, 20 µM EGTA, 2.5 mM KH 2 PO 4 , pH 7.4.
After a 1-min equilibration period, mitochondrial respiration was initiated by adding glutamate and malate to a final concentration of 10 and 5 mM each, respectively. We measured standard respiratory parameters including state 3 respiration (oxygen consumption in the presence of 444 µM ADP); state 4 (respiration rate observed upon complete ADP phosphorylation to ATP); RCR (a measure of the coupling between oxidation of substrates and ADP phosphorylation was calculated as the ratio between the rate of oxygen consumption during state 3 and state 4), and ADP/O (a measure of mitochondrial phosphorylation efficiency that is defined as the ratio between the amount of ADP added and the oxygen consumed during ADP phosphorylation). The RCR and the ADP/O ratios were calculated according to Esta-
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Anoxia and Reoxygenation
Anoxia was performed by exhausting oxygen in the reaction chamber through mitochondrial respiration while phosphorylating two ADP pulses. Glutamate (10 mM) and malate (5 mM) were used as substrates. Energized cardiac mitochondria were stimulated with an initial 444 µM ADP pulse to obtain pre-anoxia respiratory rates. The anaerobic conditions were reached in state 4 through the addition of a second ADP pulse (1 mM) and the period of anoxia was set to 1 min (Fig. 2) . Anoxia was followed by 4 min of in vitro reoxygenation by exposing the reaction medium containing the previously energized mitochondria to air (open chamber) while undergoing stirring. The polarographic oxygraph chamber was then closed and respiratory activities were measured again after the addition of another 444 µM ADP pulse as shown in Fig. 2 .
To analyze the susceptibility of heart mitochondria to AR-mediated oxidative damage, aliquots of mitochondria were separated and frozen at −80°C for later determination of post AR carbonyls and MDA contents.
With the purpose of ensuring whether the observed changes were influenced by the in vitro mitochondrial aging during the respiratory assay, all of the above referred respiratory parameters were also measured in an independent trial (time-controlled trial) after a 15-20 min incubation period in a stirred medium containing previously energized mitochondria exposed to air. The time control was achieved in the presence of two pulses of ADP in order to mimic the pre-anoxic conditions reported in Fig. 3 . It was observed in this "time-controlled trial" that incubation of mitochondria in the respiratory medium did not alter respiratory parameters. The result clearly shows that aging of the mitochondrial fraction present in the reaction chamber was not the cause of the differences observed after the AR period (Fig. 3) . The data were in accordance with other reports in lung-(25), brain- (26) , and liver- (16, 17) isolated mitochondria, where there was no significant in vitro aging during respiratory assays. Oxygen consumption rates of energized (10 mM glutamate + 5 mM malate) rat heart mitochondria (RHM) isolated from trained and sedentary rats were determined at 25°C before and after AR. State 3 and state 4 respiration, respiratory control ratio (RCR), and ADP/O were calculated in both pre-anoxia (after the addition of the first ADP pulse) and in post-reoxygenation conditions (after another ADP pulse).
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Lipid Peroxidation Evaluation
Lipid peroxidation was measured by determining the levels of lipid peroxides as the amount of thiobarbituric acid reactive substances (TBARS) formed according to Rohn et al. (27) , with some modifications. Mitochondrial protein (0.5 mg) was incubated, at 25°C, in 500 µL of a medium consisting of 175 mM KCl, 10 mM Tris, pH 7.4. Samples of 50 µL were taken and mixed with 450 µL of a TBARS reagent (1% thiobarbituric acid, 0.6 N HCl, 0.0056% butylated hydroxytoluene). The mixture was heated at 80-90°C over 15 min, and recooled in ice for 10 min before centrifugation in Eppendorf centrifuge (1500g, 5 min). Lipid peroxidation was estimated by spectrophotometric detection of TBARS measured at 535 nm. The amount of TBARS formed was calculated using a molar extinction coefficient of 1.56 × 10 5 M −1 cm −1 and expressed as nanomoles of MDA per milligram of protein (28) .
Analysis of HSP60, HSP70, and Protein Carbonylation
To determine the levels of HSP60 in heart mitochondria and HSP70 in ventricle homogenate, a volume correspondent to 10 µg protein was resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (12.5% acrylamide gels of 1 mm thickness) as described by Laemmli (29) For the protein carbonyl derivatives assay, the cardiac mitochondrial suspension volume (V) containing 20 µg of protein was derivatized with dinitrophenylhydrazine (DNPH). Briefly, the sample was mixed with 1 V of 12% SDS plus 2 V of 20 mM DNPH 10% TFA, followed by 30 min of dark incubation, after which 1.5 V of 2 M Tris/18.3% of β-mercaptoethanol were added. A negative control was simultaneously prepared for each sample. After diluting the derivatized proteins in TBS to obtain a final concentration of 0.001 µg/µL, a 100-mL volume was slot-blotted into a Hybond-polyvinylidene fluoride (PVDF) membrane. Immunodetection of carbonyls was then performed using rabbit anti-DNP (DAKO) as the first antibody, and anti-rabbit IgG-Peroxidase (Amersham Pharmacia) as the second antibody. Respiratory rates corresponding to oxygen consumption of energized (10 mM glutamate + 5 mM malate) rat heart mitochondria (RHM) isolated from trained and sedentary rats were determined at 25°C after 15-20 min of incubation in a stirred reaction medium exposed to air. State 3 and state 4 respiration, respiratory control ratio (RCR) and ADP/O were calculated after the end of incubation period.
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Tissue Antioxidant Enzyme Activities
After submitting the cardiac homogenate to five freeze-thaw cycles and 10 min of centrifugation at 2000g (4°C), the activities of total superoxide dismutase (tSOD) and mitochondrial superoxide dismutase (MnSOD), glutathione peroxidase (GPx), and glutathione reductase (GR) were determined.
TSOD activity was determined spectrophotometrically according to Marklund and Marklund (31) by monitoring the rate of autoxidation of pyrogallol at 420 nm. The reaction buffer (25°C) consisted of 1 mM N,N-bis(2-(bis(carboxymethyl)amino)-ethyl) glycine (DTPA) and 50 mM Tris-HCl, pH 8.2, in 1mL final volume. Pyrogallol (0.3 mM) was added to the cuvet to start the reaction and the rate of absorbance increase was measured. To assay the MnSOD activity, the cytosolic superoxide dismutase (Cu/ZnSOD) was inhibited with 1 mM KCN under the same experimental conditions. One unit of superoxide dismutase (SOD) activity was defined as the amount of sample required to inhibit the autoxidation of pyrogallol by 50%, and the activity is expressed as Units per mg of protein.
GPx and GR activities were measured spectrophotometrically at 340 nm using commercial RANSELkit and glutathione reductase-kit, respectively (Randox Laboratories, Crumlin, UK), according to the instructions of manufacturer.
Citrate Synthase Activity
Soleus citrate synthase activity was measured using the method proposed by Coore et al. (32) by spectrophotometrically (412 nm) measuring the amount of 5,5-dithiobis (2-nitrobenzoate) that reacted with acetyl-CoA upon release from the reaction of acetylCoA with oxaloacetate.
Statistical Analysis
Mean and standard error of the mean were calculated for all variables in each of the experimental groups (n = 6). Two-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test was used to compare differences between groups in distinct conditions. Statistical Package for the Social Sciences (SPSS Inc., version 12.0) was used for all analyses. The significance level was set at 5%.
Results
Body weights, absolute and relative heart weights and soleus muscle citrate synthase activity are shown in Table 2 . In accordance with body mass and cardiac adaptations induced by ET, the 14 wk of ET decreased rat weight, and induced an increase in heart weight and heart/body ratio (p < 0.05). There was an increase in skeletal muscle citrate synthase activity in trained rats. The improved enzymatic activity in soleus reflects that ET was an efficient chronic stimulus to ameliorate muscle oxidative metabolism.
In preliminary experiments, mitochondrial respiratory parameters after performing the "time-controlled trial" were not significantly different from those obtained before anoxia (Fig. 3) .
As observed in Fig. 4 , under basal conditions (before AR stimulus), ADR induced a decrease in state 3 respiration and in the RCR index. The impairments were attenuated in the T+ADR group when compared to sedentary ADR-treated group. ET improved state 3 and RCR (p < 0.05). No significant alterations were observed regarding both state 4 respiration and ADP/O ratio. AR significantly impaired the respiratory rates during state 3 and state 4 and decreased the RCR and ADP/O indexes in the control group (p < 0.05). However, AR did not cause further impairment in the RCR and ADP/O indexes upon exposure of heart mitochondria from ADR-treated rats to AR, whereas both state 3 (from 282.9 ± 12.6 to 156.4 ± 4.0 natms O-min −1 -mg protein −1 ) and state 4 (from 59.5 ± 4.3 to 37.7 ± 12.9 natms O-min −1 -mg protein −1 ) were decreased (p < 0.05). State 3 (from 468.1 ± 12.8 to 347.5 ± 51.9 natms O-min −1 -mg protein −1 ) and RCR (from 8.38 ± 0.92 to 6.35 ± 0.52) were significantly impaired after AR in the T group, although noticeably higher than the sedentary group in the same condition (post-AR). The reduced impairment was expressed as the ratio of RCR after/before AR closer to 1 in T group (0.75 ± 0.09 vs 0.43 ± 0.07, p < 0.05), which means that mitochondria from T group were less affected by AR regarding the coupling levels between oxidation of substrates and ADP phosphorylation. There was a significant decrease in state 4 respiration after AR in the T group (from 68.3 ± 6.2 to 54.6 ± 5.6 natms O-min −1 -mg protein −1 ). State 3 significantly decreased in the T+ADR group after AR (from 383.8 ± 76.6 to 203.8 ± 67.6 natms O-min −1 -mg protein −1 ). 
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Humana Press Volume 6, 2006 Concerning the ADP/O ratio, AR only induced a significant decrease in the control group (from 2.54 ± 0.19 to 1.91 ± 0.57). ADR and ET limited the decrease in the ADP/O ratio induced by AR (2.18 ± 0.44 vs 2.07 ± 0.39 and 2.2 ± 0.12 vs 2.07 ± 0.11, respectively). Accordingly, the ratio of ADP/O after/ before AR was also closer to 1.0 in the ADR and in the ET group than in the C group (0.94 ± 0.05 and 0.93 ± 0.08 vs 0.75 ± 0.03), meaning phosphorylation efficiency was maintained in those groups after AR. The reduced impairment in ADP/O after AR was also observed in T+ADR (2.46 ± 0.36 vs 2.12 ± 0.22) with a ratio after/before AR corresponding to 0.86 ± 0.04.
As illustrated in Table 3 , higher expression of basal levels of heart mitochondria HSP60 was found in ADR, T, and T+ADR animals when compared with the control group (p > 0.05). Significant differences were also observed between ADR and T+ADR groups. The HSP70 protein levels determined in ventricle homogenate were significantly higher in T and T+ADR groups as compared to their sedentary counterparts. No significant changes in this protein were noted in sedentary ADR treated group.
Regarding the levels of oxidative damage markers assayed both before and after AR insult, namely protein carbonyl groups and MDA from rat heart mitochondria extracts, significant increases upon AR were observed only in the C group, whereas no significant changes were noted in ADR, T and T+ADR groups. However, after AR as well, the content of both markers were lower in T and in T+ADR than in C and ADR, respectively. ADR treatment increased the basal levels of both markers in isolated mitochondria (Table 3) .
As shown in Table 4 , ET increased significantly the activities of tSOD, MnSOD, and Cu/ZnSOD in both T and T+ADR groups when compared to their nontrained counterparts, although no significant changes were observed in GPx and GR activities. ADR treatment was not sufficient to significantly alter any of the measured enzyme activities. Note: Data represent the means ± SEM for all variables, obtained from six independent experiments and are expressed in units per mg of protein. tSOD, total superoxide dismutase; MnSOD, mitochondrial superoxide dismutase; Cu/Zn SOD, citosolic superoxide dismutase; GPx, glutathione peroxidase; GR, glutathione reductase. *p < 0.05 T and T+ADR vs C and ADR.
Discussion
The isolated mitochondrial fraction is a convenient in vitro model to evaluate the modulator effects of several stimuli viz ET (11, 14, 33) or the toxicity of drugs such as ADR (10, 34) . Additionally, the use of AR model of in vitro stimulation allows understanding of the contribution of mitochondria for the heart tolerance against adverse stimuli. In fact, during studies that analyze the overall cardiac tissue response to deleterious stimuli, the complexity of the integrated cell defense systems limits the understanding and the precise description of the cell response mechanisms. Most of the time, differences in mitochondrial behavior can only be uncovered after exposing isolated mitochondrial fractions to stress conditions. A possible protocol is the addition of ADP, which mimics cellular need for extra energy production. AR of the isolated mitochondrial fraction is another inducer of stress that can be used to detect biochemical and functional changes present in mitochondrial fractions from different treated groups. In the present work, we proposed to study the effect of ET and ADR, two well-known metabolic modulators on AR-induced mitochondrial dysfunction, a topic still not explored in the literature. The most apparent intriguing finding of the present study was that, as opposed to what was expected and previously observed against other in vitro stimuli such as calcium (10, 34, 35) , ADR may prevent (with the exception of state 3) mitochondrial respiratory dysfunction induced by AR. In the setup conditions of the present study, in which the time interval that separated ADR and AR treatments was only 24 h, our data showed that heart mitochondria isolated from ADR treated rats seem to be less susceptible to AR than sedentary control. The lack of a wide additional response after AR in ADR group compared to ADR alone may be attributed either to the similarity of toxicological mechanisms of both stimuli, which can be attributed in great extent to oxidative stress, or to a possible maximal response elicited throughout the 24 h after the single ADR treatment. It is our belief that with longer time intervals between ADR administration and in vitro trials, ADR would not afford such a notorious protection to AR, as the upregulation of cell survival-related genes induced by acute ADR treatment would be counteracted by deleterious effects of the drug. However, it is likely that in the present experimental conditions, mitochondria from ADR-treated group benefited from this socalled heteroprotection phenomenon.
The other important result was that ET afforded protection to heart mitochondria against AR, which agrees with previous studies reporting such protection in mitochondria submitted to calcium-induced permeability transition pore (11, 33, 36) . Accordingly, considering the lower levels of oxidative damage to AR found in T and in T+ADR than in C and ADR, respectively, it is tempting to advance that ET provided protection against this in vitro insult both in C and in ADR groups.
In accordance with AR experiments in mitochondria derived from other tissues such as brain and liver (16, 17, 26) , and in contrast to other similar experiments using lung mitochondria (25) , the present study revealed that AR impaired all the measured respiratory parameters, namely state 3, state 4, and RCR and ADP/O ratios, in all treated groups (Figs. 4 and 5) . The decrease in state 3 is usually interpreted as a sign of respiratory chain dysfunction through intrinsic damage of its oxido-reductases and/or a limitation of reducing equivalents (25, 37) with consequent decline of supplied electrons to the mitochondrial electron transport chain (ETC), or to specific damage to the mitochondrial phosphorylation system (ATP synthase, phosphate transporter or the adenine nucleotide translocator). Nevertheless, and as previously shown by our own work (14) , regardless of the fact that the inhibition of state 3 by AR occurred in all groups, post AR state 3 was higher in the T than in C group. Because we provided the same concentrations of glutamate-malate to mitochondria, one can argue that the higher phosphorylation rates in mitochondria isolated from hearts of the T group can be explained, at least partially, by the enhanced activities or differential expression of substrate translocators, components of the ETC, or upregulation of some other mitochondrial metabolic pathways.
As can be suggested by the enhanced basal state 4 respiratory rates, heart mitochondrial inner membrane damage induced by AR in the control group resulted in an increased permeability to protons, most likely through oxidative stress-induced damage to membrane lipids or proteins (38) or by causing proton slippage through the ATP synthase or other proteins of the membrane respiratory complex (25, 37) . H + leak (membrane damage) and/or H + slip (modification of intrinsic H + stoichiometry of respiratory chain redox pumps and/or ATP synthase) could have contributed to a decrease in the ADP/O ratio, i.e., compromised the efficiency of oxidative phosphorylation. However, our data demonstrated that ADR treatment and ET reversed the increased rate in state 4 as well as the decreased ADP/O caused by AR, protecting rat heart mitochondria. The data may suggest that an augmented respiratory function against the referred stress stimuli is due to improved inner membrane integrity rather than to improvements in the ETC and in phosphorylation system. In fact, because of the clear improvement of state 4 observed in ADR, T, and T+ADR after AR when compared to C, there was no effect of AR on the RCR.
Among other possible cell and mitochondria defense systems, the observed upregulation of mitochondria HSP60 mediated either by ADR or by ET (Table 3) could also be involved in mitochondrial protection against oxidative-based damage, contributing to minimize the decrease in mitochondrial respiration when submitted to AR. In fact, it has been shown that HSP plays an essential role in keeping newly synthesized mitochondrial proteins in their correct conformation within the cytosol and transporting them into mitochondria (39) . Given that the levels of mitochondrial HSP60 prior to AR increased in ADR, T, and T+ADR groups, it is possible that the improved assisted folding of proteins within mitochondria afforded additional protection to mitochondria respiratory system after exposure to pro-oxidant events. It has also been sufficiently described that ET upregulates the expression of other HSPs, including cytoplasmic HSP70 (11, 21) . Therefore, one could also suggest that the observed HSP70 overexpression could also enhance the translocation of precursor ETC and other proteins into mitochondria, which could contribute to the improved respiratory function of trained organelles after AR. This possible HSP70-mediated mechanism is suggested only for ET-derived mitochondria, as ADR treatment does not seem to represent a specific stimulus for the upregulation of these 70-kDa proteins. In fact, the mechanistic link between ADR and cardiac expression of HSP60 and HSP70 remains unclear. Kim et al. (40) suggested that the regulation of heat shock factor (HSF)1 transcriptional activity by anticancer drugs induces differential expression of cardiac HSPs, promoting elevation of mitochondrial HSP60 and reducing the relative expression of cytoplasmic HSP70. The absence of enhanced HSP70 overexpression after ADR treatment was also demonstrated by Ohtsuboa et al. (41) in cell cultures. The relationship between mitochondrial protection and HSP levels is only partially consistent with the data from other studies in which abnormal mitochondrial respiration induced by ischemia-reperfusion was reduced in myocardium expressing high levels of HSP70, -60, and -32 (42) .
Other possible protective mechanisms induced by ET against AR-mediated mitochondrial dysfunction may also be associated with SOD, as total Mn, and Cu/Zn, and SOD activities increased with ET. Thus, the lower levels of mitochondrial protein carbonyls and MDA contents in the T and T+ADR groups compared with the C and ADR groups, respectively, may be indicative that the SOD upregulation induced by ET may further represent an augmented mitochondrial protective "tool" against AR-mediated deleterious effects.
At least in the experimental protocol of this study, in addition to the protection provided by ADR against AR, ET also prevented heart mitochondrial oxidative damage. Further toxicological studies using different protocol combination treatments are needed in order to better clarify the mechanisms associated with the protective effects of ET against stress stimuli. The protective effects of ADR against some mitochondrial alterations induced by AR should also be further explored in order to understand the precise molecular changes or metabolic adaptations induced by ADR responsible for the cross-tolerance effect observed in this study.
